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SUMMARY

Considered in the present papver is the role of collision pro~
cesses of molecules O2 with atoms Ne and Ar in metastable states, leading
to molecule O2 dissociation with formation of excited oxygen atoms. Oxygen
lines A 5577 and 6300 A are emitted at collisions with argon and O lines
A 8446 and 7774 A with neon. The duration of afterglow may reach several
seconds at heights of ~ 200 km.

At collision of an excited atom with a molecule, the latter may
dissociate in such a fashion,'that one of its constituent atoms is found
to be in excited state, This process is responsible for the inverse popu-
lation in quantum generators on the mixture of molecular oxygen with ideal
gases [1]. For example, the dissociation of the oxygen molecule at colli-
sion neon atoms in the metastable state 33 Po*‘ may lead to the formation
of an atom O in excited states BBI’ and 35P

Ne(3%Pg) + 02— Ne(2!5) + O(23P) + O(3%P, 3°P). (1)

{The enervy of thc excited level s”P Ne constitutes 16,7 ev, the dissocia-
tion energy of O, is 5.09 ev, the excitation energy of the oxygen level
33P is 10.9 ev and of the 3° P~ 10,7 ev). The transitions 3°P — 338 give
the atomic oxygen emission line )\ 8446 R, on which the generation was
obtained.

* 0 VOZHMOZLNOY ROLI HETASTABIL'NYKH SISTOYANIY NEONA I ARGONA V PROTSESSAKH
POSLESVECHENIYA POLYARMYIIT STIYANIY.

** In the jl-binding screme, most convenient for describing the Ne spectrum,
this state is denoted 2p5(Pv,)3s[Yade. Tor tie sake of simplicity we shall uti-
lize below 33Po fo: deitoting tle 1L3-vinding scheme.



Processes of such a type may also play a specific part in the exci-
tation of some spectral lines in polar aurorae, in particular, the line
A 8LLE A. By comparison with the earlier considered ones [2, 3], this exci-
tation mechanism is endowed with a series of characteristic peculiarities
linked in the first place with the prolonged lifetime 6f metastable states.
We shall demonstrate this on an example of oxygen line's 8446 I glow in
conditions of bright and moving shapes of aurorae, excited by electrons.
When the flux of electrons intrudes the atmosvhere, the excitation

of the metastavle state of neon 33 P, is descrived by tie equation

A wivg e+ 2), (@)

where [Ne], [Ne*] are tte concentrations of Ne atoms in the ground and
metastable states; 1V == n. (veGe) is the probability of excitation by electronsg
Na and.-Oé are resvectively the concentration and the veleoecity of electrons;
Geis the effective excitation cross section of the 33Pb by electron impact
(the brackets mean averapgine by velocities); 1 /4 is the probability of
breakdown of metastable states 33 P, on account of the process (1); 1/7,
is the probability of all the remaining processes of that state's damping.
It is escential, that the probability of radiative decay of neon state 33 Py
is zero, inasmuch as the transitions BBIb —_ 2180 are forbidden for the
electric as well as for the magnetic radiations of any multipole order, That
is wry the value of l,/Tb is entirely determined by second kind collisions
with electrons and other atmosphere particles. The quantity 1 /v is deter-

mined by tihe correlation

:— = {vo) [Oq), (3)

where [0p] is the concentration of molecules Oz; 6 is the effective cross
section of the process (1); + is the relative velocity.

Assume that p is the share of processes (1) leading to the excita-
tion of the 35 P level of oxygmen. Then the concentration of excited oxygen
atoms [0*] at the 33P level will be determined by the equation

da{0°]
dt

=g +‘—Z[Ne’] — A[0"} (4)



Iere p /v [Ne*] and q are the number of excitation events of the level
3
3

maining possible processes, in particular of direct excitation from the

P in lem’ in 1 sec on account of process (1) and on account of all re-

ground state 0; A is the total probability of level's O radiative decay L 3
Bp— 335 ( A 8Ll 1). Accorainr to (1], p == 0.5.

Correspondingly to (2), the concentration of neon atoms in meta-
stable state 5 Po is '

1

Ne'J= W[Nel]T, ) (9)

al-

1
=—+
To

whereas the number of vhotons 8446 K, enitted in 1 sec in an atmosphere

column with a 1 cm2 base at heizhts ercater than hy is

_ ¢ . __°° : T y
=4 §°[O Jdh -—;{q W {Ne]}dh. (6)

Let us compare two sub-integral terms of the expression in (6),.
The mein contribution to @ is evidently given by the direct excitation of

the level 331’ of oxygen by electrons. That is why, by order of magnitude
q= W,[O], W = ne(reoe’>, (7)

where &' is excitation cross section of the level 331’ of oxygen by electron

impact. inasmucr as [0] >[Ne}], ¢ 2nd & ore quantities of same order, and

T < T (see below), we have

g 0T
pT/xW[Ne] ~ [NelpT = =

(8)

a=

Thus, in stationary conditions the process (1), described by the second term
in (6) does practically play any role. This process, however, may induce
quite prolonged an afterglow, determined by the time T of metastable neon

' decay.
Assume, for example, that the primary flux of electrons drops from
the constant value corresvonding to stationary state (5), to gero. As is
shown by observations of aurarae, the characteristic '"cutting-off" time te
of electron excitation (taking into account the lifetime of secondary elec~-

trons) may be less than 0.1 sec., During the time t, the quantity q becomes

[*] insert the omitted words [...practically equal to the probability A of
the transitionee.l]



rero, vhile the glow intensity of the layer h, h + dh decreases by about
o« times (the guantity « depends apnzrently on h). At t > tc the glow of
the larer h, h + dh is entirely determined by the excitation of the 33P
oxyren level on account of the process (1), that is, it will damp with the
time constant T. For a vertical atmosvhere columm above ho, we obtain

o

1) = § E{Ne)er exp(—1/T) d, (9)

he

where [Ne*] oy is tie concentration of metastable atoms Ne in stationary
conditions (5), precedinr tle "sutting-off" of the electron flux, It is
assumed in (9) that T> 1/4, Tor the line A84L6 Z this condition is
knowinely fulfilled. The estimate of the gquantity T will be given below.
Let us now pass to the estimate of quantities T and Tos entering (5).
The devenderce of the value of T on height is determined, in accordance
with (3), by the distribution of O molecules in the atmosphere, The con-
centration of Op and the teuperature may be given on the basis of the
Harriselriester mocel [4]. The cross section of the process (1), part of
of formula (3), is 2.8 c107% em? [1]. For the atmosvhere mocel S = 200
the concentration of Op, the tomperature and the corresponding values of

are comnileé in the Table hereafter

| |
h, ®M { T °K i {0), cM—3 I T 3€0 I h, xm ¥, CeK
i
120 350 i 1,2.10m  |7,2.102 | 200 990 | 7,5.108 56,7
140 630 1.5.10% {4.2.10-1 | 250 1080 | 1.3.108 !3.9.10
160 800 4.4-100 |13 300 1130 | 2.5.107 | 1,9.108
180 910 1.7.100 3’1 !

The de-e: ence of T o1 hei~ht may be deccribed wit: a precision
sufficicecnt for our »urpecses by iie formula (In the region h ~ 200 km)

rh—150
t(h)= exp\_ [?—(—(—):)—} 3 H{(O:) =~ 27 xn. - (10)

The value oI to is deltermined by the extinction of the metastable
level of neon 3)P5 by electrons and otlier atmosphere particles (aside
fronm 02). The process (1) is guasi-resonance; as a consequence its cross

section (2,8 » 10715 ¢n2) is very sreat. That is why 1 /7, could exceed 1 /¢
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a~»zrently only in the case when the concentration of 02 would constitute
less than one percent of tie totzl concentration of particles in the atmo-
sphere, inclucing the electrons, that is, at heights above 250 — 300 km,
Consecuently, for uncderlying layers, we may assume T *47.

It mey be secen fronm the Tnble that the atmosphere layers below 150 km
are de-excited for = time € 1 sec., Inasmuch as the observations with tem~
voral resolution significantly better than 1 sec, present cosniderable dif-
ficulties, we may limit ourselves by the consiceration of afterglows with
a characteristiic time greater than 1 sec. At the same time, we shall assume
in (9) ho == 150 km,

The time interval of observations may be limited from above to seve-
razl tens of seconds, The main corntribution to afterglow intensity in that
time interval is made by the atmosphere layers in the range from 150 to
250 4~ 300 knm, for which, as was shown above, T &~ € . Only an extremely
weak, but lengthy afterrslow is determined by higher atmosphere layers.

This allows us to substitute T by v in (9), leaving infinite the upper of

integration. — To complete the integration, it is necessary to kmow in (9)

the dependence of neon's and exciting electrons! concentration on heiéhfo
The distribution of neon concentratiin with height may be taken in

the form
h— 150

[Ne]l = [Nel=ysoexp ["" W

], H(Ne) =~ 44 xx. (1)

The neon concentrution in the upver atmosvhere is 1little known, for
its direct measurements at hei;jzts h > 100km are absent, just as are the
reliatle theoretical computations for the transitional region between the
mixing zone Lh < 90km) and the zone of diffusive separation (h p-J 120 km).
For the estimates, we shall admit that at 150 km the concentrations of
0, and Ne differ by 103 times, thnt is

| [NeJnetio = 8-10% ca=3, (12)

liote, that it mna: beg found nossible to deteririne the Ne concentra-~
9 ‘ pe

3

tion in metastablc state 37p,directly.if tie consicered region of the atmo-
svhere is sunlit, fluorescence of Ne ztoms in metastable state is possible,
th:t would be analogous to helium glow in the line 10 830 3.[6, 7]. The Ne
atoms in the state 32 P must provide several fluorescence lines, of which

the most intense will be the lines 6266, 495; 6163,5% 4.



Let us examine in what way the flux of exciting electrons, and
conseguently, the ocuantities W and W', depend on height. As is well
known, during a bright polar aurora the prinecipal share of energy flux
is generally borne by atmosphere~intruding primary electrons with energy
of several kev. However, in order to explain the distribution of brightness
with height in polar aurora rays, it is natural to assume the existence
of a significant fraction of softer primary electrons (although other ex-~
planations of this effect are possible, in particular the significant in-
crease of atmosvhere density at great heights in the aurora region as a
consequence of dynamic processes attending the intense heat liberation in
the regions of glow). That is why we assume, for the sake of simplicity,
that electrons with energies less than ~ 1 kev are usually absent in the
primary flux of electrons intruding the polar atmosphere. Direct experi-~
ments speak in favor of such an assumption [8, 91, which, however, are
still episodic. The path of electrons of a few kev in the atmosphere allows
their penetration below the 130 km height. In this case we may estimate
that at heights above 150 km the energy of intruding electromns varies in-
significantly [10]. Consequently, the number of secondary electrons' birth
events per single electron of primary flux will increase nearly proportion-
ally to the rise of atmosphere density as the height decreases. Thus, the
concentration and the flux of electrons, including the secondary electrons
with energies 2 20 ev, providing the main contribution too W and W', must
not, in the first apvroximetion, depend on height. These considerations
are corroborated by the results of measurement of photoelectron flux with
energy > 40 ev, emerging in tlke atmosphere under the action of solar ultra-
violzt [11]. Indeed, the flux of such photoelectrons rises very slowly
avove ~ 200 knm .

Obviously, a series of other factors still influence the dependence
of W and W' on height, Thus, part of electrons of primary flux with great
pitch-angles may undergo the magnetic reflection at sufficiently great
height. Because of that (just as in the presence of primary electrons with
energy 5 1lkev) the flux of primary electrons may decrease with the height.
The unknown distribution of electrons by vitch-angles hinders the attempts
to estimate this effect. However, the erperimental data, now available, are
rather evidence in favor of sipgrificant isotropy of primary electrons and

of invariability of their flux with height [10].
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The relative concentration of secondary electrons is also difficult
to estimate reliably, particularly in the region of sharp atmosphere content
variation, that is, at heights from 100 to 200 km. It appears to be nonethe-
less probable, that the role of secondary electrons is determining and that
W and W' either do not vary or increase with height.

Under these conditions the main contribution to (¥.0e> is made by
electrons with enercies of several tens of electronvolt, For electrons of
such energies we may assume that the excitation cross section of the level
33 P, (taking into account the cascade transitions) is ~ 5 .10-18 cn®.

Therefore we may admit for the lower estimate, that the flux of

excitineg electrons above 150 km does not depend on height and that

W =~ nge 1.5 1072 en> sec™d
Let us pass to the computation of the integral (9). According to
(5), (10) and (11),

1 t
p(Neler exp(— ;\ = pW [Nelr=1s0 X

X exp{ Iz];—(l\%SO]exp{ texp[ hl;—(é5)0 }} = pW[Ne]h=m X
< pomes{ "7 exo{ — e ~ 275 2} (13)

where

h—-i.JO)
ﬁ(h)=exp{(—h+’50’ []I("Ie) H(Oz)]} o (

The nultiplier ? varies conu-ratively slowly with height: B (150) =1;
B (300) =8,0. That is why during integration in (9) P(h) may be substituted

by the mean value B~3. After a similar simplification we shall have

® rayleigh (1)

- 1—et . 1
I(t) = p'V [Neln=1sBH (O2) ~5.107n,

where n, 1is the corncentretion of secondary electrons with energies of se-
veral tens of ev in stationary con@itions, preceding the isolation of the
primary flux.

Formula (14) describes the afterglow of the vertical atmosphere
column in the line 8446 A in the course of several tens of seconds, begin-

ning from about 1 se-:ond after the isolation of the primary flux.




In intense forms of aurorae n, may exceed ~ 10 cm'3, which cor-
responds to tens and hundreds of rayleighs in (14). Therefore, at abrupt
isolation of the primary flux of electrons, the line 8446 A glow must de-
crease in time comparatively slowly after quick drop by about & ~ 10> times
according to (14) [see (5), (12) J. A similar lag of line 8 446 K emission
by comparison with other allowed emissions was apvarently observed [12].

The excitation of oxygen atoms as a result of the process (1) is
endowed with still other certain specific peculiarities. Thus, simultaneous-
ly with the 3°p oxygen level, the 32 P one, intial for the line 7 774 2 ’
is being excited too. vLaboratory measurements have shown that during exci~
tation according to the scheme (1), that is in afterglow, the intensities
of the lines 8446 and 7774 A (in quanta) are related as 5 : 2 [1]. However,
under low-pressure gas discharge conditions the line 7774 A is usually more
intense than the line 8446 A, Although the conditions of these lines' exci-

tation in a gas discharge and in the upper atmosphere differ considerably,
it should be noted that in aurora spectra a relative intensity variation of
the lines consicered, by about from 3 : 1 to 1 : 3 was observed [3, 13].

In the process (1) about 0.6 ev pass to progressive degrees of free=-
dom. Therefore, in afterglow the lines 8446 R and 7774 R are emitted by
"hot" atoms, whose kinetic eneirgy exceeds significantly kT. This must lead
to the widening of line contour, distinct from the usual Doppler. However,
because of the weakness of emissions, the observation of this effect is
difficult.

A process analogous to (1) is possible also with the partieipation
of arson atoms in metastable state W P, (the radiation lifetime of this
state is clso infinitely great)

Ar(4°Po) + Oz— Ar(31S0) + O(2°P) 4 0(21S, 21D). (15)

The r-iiction lifetimes of the terms 213 and 218 are about equal
to 100 and 0,7 sec respectively. That is why it nmaltes sense to consider the
vossinrility of line 5577 A afterglow, beginning with the level 2150. Inas-
muich as the cross sections of processes (1) and (15) are about identical
[1], the time constant 7T will be determined, as previously, by the Table
and the formula (10). (We may neglect the small difference in the relative
velocities)., The calculation of line's 5577 R’afterglow is conducted in the



same way as for the line 8446 A. The difference consists in that A &/ 1 see™t

and the condition T 2>1/A is fulfilled for sufficiently high layers.

That is why we have instead of (9)
S { [Ar* ]cr 1/T ( AT ¢ + qe dh.  (16)

No direct measurements of the relative fraction oi =zatoms 0(216)
and O (21D) in the process (15) wew made; however, one may assume that
p ~ 0.3, The excitation cross section of the level ’+3P° of argon by elec~
trons must be about the same as for the level 33 P, of neon. In the given
case we may assume ?::0.5 . Indeed, @(h) decreases with height.

The concentration of Ar atoms at heights < 90 km is significantly
greater that that of neon atoms. In the region of diffusive separation
(h 2 110 — 120 km), and because of difference in atomic weights, the con-
centration of argon decreases with height substabtially faster than that

of neon. In spite of this, there is still about 2 orders more of argon

o8

than neon at the height of 150 km. That is why we may assume [Ar]h_15oa98 10 03

It may be seen from formula (16) that during the first few seconds

after primary flux' isolation the terms proportional to e At

will damp.
Subsecuent afterglow of the vertical column of the atmosphere is described
by a formula analogous to (14). Substituting in (16) the corresponding nume-

rical vzlues andé assuming A / (A=~ 1/T) &~ 1, we shall obtain

_ _ P .
1) = PW" (ArhooBH (09~ = 5.107m, ~—“" rayleighs (17)
nere W —ne(ve0c’> is the probability of argon's level 43P5 exci-
tation.
o
“he mecasureument of the course of line 5577 A intensity drop after

the excitation pulse was conducted only in the course of the first few
seconds with the view of determining the lifetime of oxygen level 2150

L]
in the atmosphere [14, 15]. Apparently, for that line, just as for 8446 A

further, more detailed and extended measurements of the course of intensity

drop would be necessary to determine the lifetime of argon and neon atoms in



10,

metastable state., From such meacure:ients znd also by tihese atoms' fluores-
cence more founded estimates of argon and neon concentration in the upper
aitmosrhere can be nmade. The described processes may also play a part in the
"ywind-cone effect" of the afterglow tail after rapid shift of the exciting
electiron bean relative to the glowing region of the atmosphere f16], and.
moreover, in the formation of the diffusion background of luminescence,
surroundins the bright forms of aurorae [17], on account of diffusion of
argon and neon netastable atoms from the excitation rerion,

The processes of energy transfer in the upper atmosprere at colliisions
with partieciontion of atoms and molecules in metastable states deserve a
serious attention, inasnuch as the basic atmosvhere constituents, such as

N2, OZ,O,IL Ar, Ne and He, have metastable levels with significant lifetimes.

B68d THE END MR
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